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OligomerizationVinculin, and its splice variant metavinculin, are scaffolding proteins that localize to cellular adhe-
sions. Vinculin is a key player in mediating cell adhesion, motility, and cellular response to force. In
the past decade, a number of new studies have evaluated the importance of vinculin oligomers,
especially in their role of bundling F-actin. Emerging evidence also suggests that vinculin oligomer-
ization is important for vinculin’s scaffolding function. Here we describe the latest ﬁndings on vin-
culin’s interaction with F-actin and we clarify the different known vinculin oligomers. Differences
in these functions between vinculin and metavinculin provide key insights to the structure and
function of these oligomers, and should guide further studies.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
Since its identiﬁcation in 1979 [1], vinculin has remained one of
the most-studied scaffolding proteins in cellular adhesions. These
sites of adhesion contain hundreds of proteins and mediate cell
attachment to the extracellular matrix and other cells. Vinculin is
a key protein in the regulation of these adhesions and, subse-
quently, adhesive forces, and cell movement. Though much is
known about vinculin structure, localization, and binding partners
(as reviewed in [2–4]), there is still much we do not understand,
especially its roles in controlling cell morphology, motility, and
force transduction. Recently, many studies have highlighted the
differences in the structure and function of vinculin and its splice
variant, metavinculin, as metavinculin mutations have been iden-
tiﬁed in heart disease (i.e., dilated cardiomyopathy). This review
will highlight differences in ligand binding, oligomerization, and
actin bundling properties of vinculin and metavinculin. Further-
more, we explore what these differences reveal about the structure
and function of vinculin and the challenges introduced when using
truncated proteins of different lengths to study vinculin function.2. Vinculin and metavinculin
Vinculin is a highly conserved scaffolding protein localized to
focal adhesions (FAs) and adherens junctions (AJs) [5]. At these
sites of adhesion, vinculin mediates the recruitment of a number
of binding partners and is a crucial regulator of cellular responses
to tensional forces by mediating the link between transmembrane
receptors and the actin cytoskeleton. Vinculin controls FA forma-
tion, strength, and migration [3]. In AJs, recent evidence suggests
that vinculin regulates the structural integrity of cell–cell adhe-
sions by mediating the mechano-response of E-cadherin [2,6,7],
E-cadherin dependent border cell migration by acting downstream
of myosin IV [8], and the expression of E-cadherin to the surface
cells through its interaction with b-catenin [9].The importance of
vinculin is demonstrated through knock-out studies in mice where
the embryos die by day E10.5 [10]. Furthermore, ﬁbroblasts iso-
lated from these knock-out mice have a number of defects includ-
ing difﬁculties adhering and spreading to substrates, increased
migration, elevated FAK and paxillin signaling, reduction in cell
stiffness, and resistance to apoptosis and anoikis [11–17].
Vinculin is an a-helical protein that contains three domains: a
head (Vh, 91 kDa), a proline-rich linker (4.6 kDa), and a tail (Vt,
21 kDa) [18,19] (Fig. 1A, C). As a scaffolding protein, vinculin binds
to many different ligands. Vh binds the cytoskeletal proteins talin
[20], a-catenin [21], and a-actinin [22], while the proline-rich
Fig. 1. Structure and activation of vinculin. (A) Ribbon diagram of the crystal structure of full-length vinculin (PDB 1ST6). Vt is shown in cyan. (B) The crystal structure of Vt
(modiﬁed from PDB 1ST6). The N-terminal strap, H1 and H2, the C-terminal arm, and C-terminal hairpin are highlighted. Side chains of residues involved in maintaining the
interaction between the strap, helix bundle, and C-terminal hairpin are shown as sticks. (C) The inactive conformation of vinculin is maintained by interactions between the
head and tail. (D) Synergistic activation of vinculin requires binding of a Vh ligand (talin) and a Vt ligand (F-actin) to switch vinculin from its inactive to active state. (E) Active
vinculin is able bind multiple proteins and acts a scaffold. Actin binding to Vt causes a conformational change to promote formation of a dimer that can bundle F-actin
ﬁlaments.
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CAP [24], vinexin a/b [25], and the Arp2/3 complex [26]. Vt binds
paxillin [27], raver1 [28], phosphatidylinositol-4,5-bisphosphate
(PIP2) [29], and ﬁlamentous actin (F-actin) [30].
Structurally, Vt is a ﬁve-helix bundle, with an amino (N)-termi-
nal strap (879–893), helices 1–5 (H1–H5; 896–1045), and an ex-
tended carboxyl (C)-terminus (1046–1066) (Fig. 1B). The
structure of the isolated Vt domain [31] is maintained in the con-
text of the full length protein [18,32]. Both the N-terminal strap
and C-terminus lack deﬁned secondary structure, yet both interact
with the helix bundle, and each other. As demonstrated in Fig. 1B,
the N-terminal strap interacts with H1, H2, and the H1–H2 loop
through contributions from D882, F885, and E887. D882 also medi-
ates interactions between the strap and the end of the C-terminus
(C-terminal hairpin). The C-terminus interacts with the bottom of
the helix bundle (including the H1–H2 and H3–H4 loops) primarily
through hydrophobic contacts, and with the N-terminal strap pri-
marily through polar interactions (Fig. 1B).
As a scaffolding protein, vinculin has no enzymatic activity.
However, it is often described as existing in ‘‘active’’ or ‘‘inactive’’
states. This corresponds to the ability of vinculin to bind or not
bind, respectively, its ligands. Ligand binding is occluded in the
inactive state by intramolecular interactions between Vh and Vt,
as reviewed by Peng et al. [2]. Release of autoinhibitory contacts
and activation of Vinculin is believed to be achieved through syn-
ergistic binding of both a head and tail ligand (Fig. 1C–E), as bind-
ing of a single ligand is insufﬁcient for full activation [19]. Forexample, F-actin binding to the tail domain requires an additional
interaction with another partner via Vh such as talin or a-catenin
[33]. There are several combinations that may activate vinculin,
though the biological relevance and consequences of these combi-
nations are unknown. The one exception to the synergistic activa-
tion model is the Shigella protein, IpaA, which is reported to fully
activate vinculin, though this interaction is not native to the host
organism [33]. However, later experiments suggest that vinculin
activation through IpaA still requires a Vt ligand [34]. Vinculin is
also thought to be activated by mechanical forces, as these forces
drive vinculin localization to FAs, a common consequence of vincu-
lin activation [3,35–38]. Additionally, phosphorylation of vinculin
may weaken autoinhibitory contacts and play a role in vinculin
activation [39]. Although we are beginning to understand the pro-
cess of vinculin activation, the cellular consequences of synergistic
and mechanical activation of vinculin are poorly understood, and
the topic remains an important area of study.
Metavinculin (150 kDa), a splice variant of vinculin, is co-ex-
pressed with vinculin in muscle tissues [40]. Both metavinculin
and vinculin are localized to the cell membrane, the I-band in
the sarcomere, and to intercalated discs [41]. Metavinculin con-
tains an exon (exon 19) that codes for a 68-residue insert in the tail
domain (MVt) between H1 and H2, which alters its function [42]
(Fig. 2). Furthermore, while vinculin itself is highly conserved
among most species, greater sequence variation is observed in
the insert region between human, mouse, and chicken metavincu-
lin than the rest of the molecule [43] (Fig. 2D). The presence of this
Fig. 2. Comparison of vinculin and metavinculin. (A) Structural alignment of full-length vinculin (blue, PDB 1ST6) and metavinculin (purple, PDB from [50]) ribbon diagrams
using PyMOL [88]. The vinculin color scheme is maintained from Fig. 1. The metavinculin head is in purple, proline-rich linker is in pink, and MVt is in light magenta.
Structural differences are observed for subdomain 2 of vinculin and metavinculin. (B) Structural alignment of vinculin and metavinculin from Fig. 2A with the heads removed.
Note the conformational differences in the proline-rich linker and the C-terminal arm. The strap0 and H10 of MVt are labeled. H1 of MVt is not resolved in the metavinculin
crystal structure. (C) Sequence alignment of vinculin residues 848–915 and metavinculin residues 916–983. Note that the vinculin strap and H1 align with the metavinculin
strap0 and H10 . Residues are colored by polarity (black: non-polar; red: acidic; blue: basic; green: polar). (D) Sequence alignment of metavinculin from various species. Note
that sequence variation is much greater in the 68 residue insert of metavinculin relative to the other residues in vinculin.
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raver1 [28] and weaker afﬁnity for PIP2 [44] compared to vinculin.
Additionally, metavinculin interactions with F-actin appear more
complex [45]. While the immediate cellular consequences of these
differences requires further study, it is currently believed that
metavinculin plays a specialized role in mechanotransduction, as
its expression levels positively correlate with the force exerted
on cells [40,44,46]. Metavinculin expression levels are especially
high in the smooth muscle of the aorta and uterus [44]. However
subcultured human aorta smooth muscle cells [40,41,47] and sub-
cultured chicken gizzard smooth muscle cells [48] show a marked
decrease in metavinculin expression levels as they are cultured,
during which they experience weaker forces and tension. Further
cementing metavinculin’s critical role in mechanotransduction, a
number of mutations in the insert (A934V, DL954, and R975W)
are associated with the development of cardiomyopathies in hu-
mans [15,49]. These diseases result from improper generation of
force and give rise to a stress-induced phenotype in the heart.
The cardiomyopathy-associated mutations are thought to alter
the interactions of MVt with F-actin [15] as well as autoinhibitory
interactions between MVt and the head [50]. However, muchremains to be discovered concerning the differences in function
between vinculin and metavinculin, both on a biochemical and
cellular level.
Structural differences between metavinculin and vinculin, how-
ever, have been recently elucidated and are highlighted in Fig. 2.
Structures of full-length metavinculin and vinculin have been
solved by crystallography, and are largely similar. The head do-
mains of the two isoforms align well, with some small changes
in the position of the second sub-domain in Vh (Fig. 2A). The big-
gest difference comes from the inserted residues. Within these
68 residues, coded for by the extra exon, are a stretch of amino
acids homologous to those in the strap and H1 of Vt (Fig. 2C). It
was determined that, in metavinculin, the ‘‘inserted’’ residues form
the strap (strap0) and ﬁrst helix (H10) of MVt with residues 879–
915 swapped out, in what is referred to as a helix-replacement
[50]. The preceding residues (879–915, which form the strap and
H1 in Vt) do not appear in the crystal structure and are likely dis-
ordered [50], though they do confer unique properties [50]. The
strap0 and H10 in metavinculin have distinct interactions with the
other helices in the tail, compared to vinculin (Fig. 2B). The MVt
H10 interacts more tightly with the helix bundle, which increases
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interactions with the helix bundle, suggesting that this interaction
is less stable than in Vt and could be more transient. The structures
of metavinculin and vinculin should allow for improved experi-
ments that will clarify the functional differences between vinculin
and metavinculin in vivo.
3. Vinculin binds F-actin
One of the most studied and most important functions of vincu-
lin is its ability to bind and bundle F-actin. Actin is an abundant
cytoskeletal protein that exists in a monomeric (G) or oligomeric/
ﬁlamentous (F) form. Similar to vinculin, F-actin plays an impor-
tant role in cell morphology, cell motility, and muscle function. A
complete description of actin is outside the scope of this review,
and the reader is referred to a number of reviews that focus on
actin structure, binding partners, and role in cellular adhesions
[51–54].
The actin binding site in vinculin resides in the Vt domain [30].
While the site of interaction of actin with Vt has been extensively
investigated and a model for the interaction available [55], the
model lacks supporting mutagenesis data, as reviewed by PengFig. 3. The Janssen model for the interaction of F-actin with Vt. Figures A–G are reprinted
original source. (A) A 3D reconstruction of the Vt-decorated actin ﬁlament, generated fr
from A rotated by 90. (C) The docked model developed by Janssen et al. between two act
lower actin is at the barbed end of the ﬁlament. (D) Ribbon diagram of the two actin proto
the lower actin protomer is also labeled. (E) Surface representation of the two actin proto
(F) Ribbon diagram of Vt. The strap, helices, and the C-terminus are labeled and colored s
The orientation is the same as in F. (H) Ribbon diagram of Vt with the N- and C-termin
colored separately. The I997 sidechain is shown in sticks. The vinculin variant I997A is im
the sites designated for actin binding.et al. [2]. Much of the confusion concerning these studies stems
from the differences in the Vt constructs and the inability to obtain
a high resolution cryo-electron microscopy structure.
In particular, several groups have employed constructs of Vt
that lack part of the strap or include part of the proline-rich linker.
Other constructs used lack part of the C-terminus. While these res-
idues do not lie at the proposed actin-binding interface, they are
important for maintaining the interaction between the strap, helix
bundle, and C-terminus of Vt, as we have observed that their inclu-
sion or removal indirectly affects F-actin binding [56]. Other con-
structs omit entire helices, likely destabilizing Vt. In fact, Palmer
et al. showed that the deletion of the last 15 residues results in a
loss of structural stability and likely changes the structure of Vt
[57]. Moreover, deletions within the helix bundle will likely expose
the hydrophobic core and may promote non-speciﬁc interaction
with other molecules. As such, in this review, we will focus on data
collected using non-truncated vinculin and Vt domains.
The most common technique for studying Vt binding to F-actin
is a co-sedimentation experiment in which actin ﬁlaments are
incubated with Vt and the sample is spun at a high speed
(>90,000g). At such speeds, actin ﬁlaments pellet and form an
insoluble mass, along with any bound Vt, while unassociated Vtpermission from Janssen et al. [55,89]. Figure D has been minimally altered from the
om negative-stain EM. F-actin is in gray and Vt in red. (B) The same reconstruction
in protomers (green, gray) and Vt (red). The upper actin is at the pointed end and the
mers, with the four actin subunits of the upper actin protomer labeled. The D-loop of
mers with the upper and lower sites identiﬁed. The orientation is the same as in D.
eparately. (G) Surface representation of Vt with the upper and lower sites identiﬁed.
i labeled. The upper site (red) and lower site (orange) from the Janssen model are
paired in F-actin binding while maintaining other functions [64], and lies outside of
Fig. 4. Structure and models of Vt oligomers. (A) The Vt self-association dimer (PDB
1QKR). This dimer is mediated through a hydrophobic interaction between
interfaces on H4 and H5. I997 (red) and V1001 (yellow) lie in the heart of
the dimer interface. Their side chains are shown as spheres. The N-terminus,
C-terminus, H4, and H5 are labeled. (B) Model of the PIP2-induced Vt/MVt
heterodimer. Binding of Vt to a liposome containing PIP2 (orange) induces a
conformational change allowing for dimerization and trimerization. The interfaces
for these interactions are unknown. MVt does not appear to bind to PIP2. (C) The
actin-induced Vt homodimer (not to scale). Binding to F-actin induces a confor-
mational change in Vt, allowing it to form a homodimer and bundle F-actin
ﬁlaments. The structure of this dimer is also unknown.
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fraction are compared. Dynamic light-scattering, low-shear viscos-
ity, and electron microscopy (EM) have also been used to study this
interaction [30,55,58].
One consequence of using truncated Vt constructs in early stud-
ies was conﬂicting data indicating the existence of either one or
two F-actin binding sites [30,58–60]. Further confusion stemmed
from different studies supporting either retention [60] or loss
[30] of F-actin binding in high ionic strength (1 M KCl) buffers.
Decreased actin association with Vt at high ionic strength would
suggest that the interaction is mediated through electrostatic
forces. This hypothesis was tested in the most comprehensive Vt
mutagenesis study [61]. Cohen et al. mutated groups of charged
residues throughout Vt and measured the afﬁnities of the variants
to both Vh and F-actin. While some of the variants showed signif-
icant decreases in binding to Vh, no variant showed more than a
20% decrease in binding to F-actin. These results suggest that the
interaction between Vt and F-actin is more likely mediated
through a hydrophobic interaction, a feature common for a major-
ity of actin-binding proteins [51].
The current structural model for the binding of F-actin by Vt is
based on low-resolution negative-stain EM data [55] (Fig. 3). Jans-
sen et al. found that Vt binds F-actin through interactions on two
surfaces, with each surface on a separate actin protomer in the ac-
tin ﬁlament (Fig. 3E, G). The ‘‘upper site’’ resides are on the pointed
end protomer and interact with H2 and H3 of Vt. This site is pro-
posed to bind a hydrophobic cleft in the actin ﬁlament that is a
common recognition site among actin-binding proteins [51]. The
‘‘lower site’’ resides on the barbed end protomer, is more polar,
and interacts with H3, H4, and part of the C-terminus of Vt [55].
The model agrees, somewhat, with the mutational analysis per-
formed by Cohen et al. [61], though none of the variants show sig-
niﬁcantly impaired actin binding.
While the EM data from Janssen et al. were obtained using a Vt
construct that contains the entire Vt domain, the resolution is low
and is insufﬁcient for generating an atomic model for the interac-
tion between Vt and F-actin [55]. In fact, a recent study indicates
that ﬁtting the structure of free F-actin into the EM shell may
not be justiﬁed. Galkin et al. showed that F-actin is polymorphic
and can exist in at least six separate ‘‘structural modes’’ [62]. Many
of these modes exhibited signiﬁcant differences in the conforma-
tion of the D-loop, which is next to the upper actin binding site
of the Janssen model (Fig. 3D, E). Additionally, binding of Vt toF-ac-
tin labeled with pyrene (through a cysteine mutation at position
265) results in a decrease in pyrene ﬂuorescence, suggesting that
binding to Vt alters the conformation of the actin ﬁlament [63].
Thus, with the limited resolution and likely change in F-actin con-
formation upon binding Vt, there is much uncertainty associated
with this Vt/actin model. Recently, a conservative point mutation
in Vt, I997A, has been shown to signiﬁcantly disrupt the binding
of vinculin to actin [64], and is the ﬁrst single point mutation iden-
tiﬁed that retains Vt structure yet impairs actin binding. As I997
lies within the Vh/Vt binding interface, the I997A mutation is likely
to partially activate vinculin in the context of the full-length pro-
tein. This mutation further challenges the accuracy of the Janssen
model, as I997 is located outside of the proposed actin-binding
interface (Fig. 3H). While the ﬁeld is coming closer to identifying
the actin-binding surface on Vt, a structural model for the interac-
tion at atomic resolution remains elusive.
Previous studies probing the F-actin/vinculin interaction
suggest that this interaction could have multiple cellular roles.
For instance, it has been shown that vinculin not only bundles actin
ﬁlaments but can also cap these ﬁlaments and promote actin
polymerization [56,63,65]. Additionally, it has been suggested the
F-actin/vinculin interaction is needed to connect FAs to the actin
cytoskeleton, especially at sites of high mechanical stress, ratherthan at the leading edge of cells [66]. In contrast, a recent report
utilizing the I997A variant has indicated the importance of vincu-
lin-mediated F-actin engagement at the leading edge of cells, as
disruption of the vinculin/actin interaction resulted in increased
actin ﬂow in the lamellipodium, poor separation of the lamellipo-
dium from the lamella, and defective FA dynamics in the lamellipo-
dium [64]. These contrasting ﬁndings highlight the importance of
tools that can speciﬁcally probe only one interaction in order to
verify phenotypic differences that result from a single, disrupted
interaction.
Metavinculin is also able to bind F-actin [45]. This is unsurpris-
ing, as the site of helix-replacement is separate from the proposed
actin-binding sites on Vt [45,50,55], and negative-stain EM data
show a similar binding geometry. There is an increased density
in the MVt EM, which likely comes from the displaced strap and
H1 as well as unstructured residues from the 68 residue insert
[45]. Unique to the interaction of MVt with F-actin is the ability
of MVt to cleave actin ﬁlaments, likely through a stretch of residues
in the insert that are homologous to gelsolin [45]. However, this
activity is abolished in longer constructs, suggesting that the cleav-
age activity is an artifact of protein truncation and is non-physio-
logical or it requires post-translational modiﬁcation or additional
binding partners if it occurs in vivo. Thus, how metavinculin inter-
acts with actin in vivo and the consequences of the interaction re-
quires further examination.
4. Vinculin tail self-associates at high concentrations
One of the most intriguing properties of Vt is its propensity to
oligomerize under varying conditions and with different binding
partners (Fig. 4). Vt dimerizes at high concentrations in the ab-
sence of ligands [31,67]. At physiological protein concentrations,
it can also homodimerize in the presence of actin [30,31,55] and
oligomerize (dimer and trimer) in the presence of PIP2[31,57,68].
Furthermore, vinculin not only homodimerizes via Vt, but can also
heterodimerize with the tail domain of metavinculin [44]. These
oligomerization states may be structurally unique, as shown in
Fig. 4. The structural variability in these oligomers, combined with
an absence of accepted nomenclature for the oligomeric states,
makes acclimation to the ﬁeld difﬁcult. Here, we will identify the
known characteristics of each oligomer and clarify their
differences.
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using rotary-shadowed EM [69]. Tetramers and higher-order olig-
omers were observed, forming head–head and tail–tail interac-
tions. While Vh–Vh interactions have not been extensively
investigated, much has been done to elucidate the oligomerization
states associated with Vt. At high concentrations in solution, Vt
dimerizes in the absence of ligand. The approximate Kd for the for-
mation of the dimer was determined to be 336 lM [67]. This dimer
is often referred to as the ‘‘self-association’’ dimer [67], and was
ﬁrst observed in Vt by crystallography [31] (Fig. 4A). It has since
been observed in solution by nuclear magnetic resonance [57]
and electron paramagnetic resonance [70]. The structural re-
straints provided by EPR result in a structure very similar to that
observed by crystallography, with some small changes in the posi-
tions of H1 and H5 [70]. The dimer is mediated through a hydro-
phobic, asymmetric interaction between helices 4 and 5 of both
Vt molecules [31,67,70], with the two molecules rotated 90 with
respect to each other. There are no large-scale conformational
changes associated with this dimer (Fig. 4A). The propensity of
Vt to self-associate into this structure often leads to difﬁculty in
experimental design. The percentage of Vt in solution that exists
in dimeric form must be accounted for when interpreting results,
especially for experiments requiring protein concentrations great-
er than 100 lM. Also, in the presence of crosslinking reagents, Vt
can form multiple high molecular weight bands indicating a num-
ber of different oligomers may be present [56].
The self-association dimer is the most-understood Vt oligomer
from a structural perspective, but likely the least relevant. In the
cell, an abundance of Vt ligands and the presence of Vh suggest
the concentration of ‘‘free’’ Vt is very low. When coupled with
the weak Kd for the self-association dimer, it is unlikely that this
dimer is physiologically relevant. Rather, the hydrophobic interface
may be critical for interaction of Vt with its ligands. Other oligo-
meric forms of vinculin have been shown to play a critical role in
a number of cell processes, as discussed below.
5. Vinculin tail self-associates upon binding to PIP2
Vt also oligomerizes in the presence of PIP2[44,68]. Vinculin
binding to PIP2 is thought to assist in vinculin activation [31,32],
prevent interactions with F-actin [71], and regulate FA lifetime
[72,73], though little is known about the consequences of oligomer-
ization or if this oligomeric species occurs in cells. Crosslinking and
limited proteolysis data suggest that the structure of the PIP2-in-
duced oligomer is different from the self-association dimer (formed
in the absence of ligands) [31] and the actin-induced dimer [31,59].
Limited proteolysis of Vt by elastase and chymotrypsin revealed an
increased susceptibility to proteases by Vt in the presence of PIP2-
containing vesicles [31], possibly due to lipid-induced conforma-
tional changes. While the exact sites of cleavage were not identi-
ﬁed, cleavage sites in the H1–H2 loop and in the C-terminal arm
were proposed. These changes in conformation are thought to facil-
itate phosphorylation [74,75] and increase the afﬁnity for other vin-
culin ligands, such as VASP [68]. Chemical crosslinking experiments
have shown that PIP2-induced oligomers exist as dimers and tri-
mers, with the dimer being the preferred species [59,68].
MVt has a weaker afﬁnity for acidic phospholipids and is there-
fore less likely to form these dimers in the presence of PIP2[44].
This is likely due, at least in part, to the additional negative charge
associated with the 68 amino acid insert in MVt [44,50], as deletion
or mutation of acidic (negatively charged) residues in the insert in-
creases the afﬁnity for PIP2 and restores oligomerization. However,
MVt can heterodimerize with Vt in the presence of acidic phospho-
lipids (Fig. 4B) [44,50]. While it is unclear if the homo- and
heterodimers are structurally similar, these results suggest that
the PIP2-induced dimer requires binding of PIP2 by only one ofthe participating Vt monomers. Elucidation of the structure and
function of the PIP2-induced dimer has proven difﬁcult due to a
number of factors. The ambiguity of the PIP2 binding site and the
technical challenges associated with structural studies involving li-
pid associated proteins have prevented the development of a reli-
able Vt variant deﬁcient in PIP2 binding. Surmounting these
hurdles will allow us to better understand the important role
and mechanism of PIP2 in regulation of vinculin at FAs [73,75–
78] and possibly AJs.
Currently, whether the PIP2-induced vinculin dimer exists
in vivo, let alone the functional consequences of PIP2-mediated vin-
culin oligomerization, is unknown. Additional complicating factors
involve the use of vinculin variants that contain drastic deletions or
several point mutations. One study, using a Vt peptide, suggested
that the C-terminal peptide is able to insert itself into membranes,
and reﬂects the ability of the Vinculin C-terminus to associate with
the membrane [79]. Other groups have made large deletions of the
C-terminus in order to study the PIP2–vinculin interaction. Results
from those studies assumed that truncated Vt was functional and
that the C-terminal hairpin inserts into the membrane in order to
regulate responses to mechanical force [80,81]. However, results
from our lab have shown that these large C-terminal deletions alter
the structural integrity of Vt, and that a C-terminal hairpin deletion
mutant (Vt DC5) does not alter binding to PIP2-containing lipo-
somes [57], indicating that the C-terminal hairpin is not required
for membrane insertion. Another study generated a lipid deﬁcient
(LD)-vinculin by mutating several basic residues (K952Q, K956W,
R963Q, K966Q, R1060Q, and K1061Q) [73]. Chandrasekar et al.
showed that this variant was unable to rescue spreading defects
observed in vinculin knock-out cells and the assembly and disas-
sembly of FAs were perturbed, indicating that the PIP2–vinculin
interaction plays a role in stabilizing adhesions [73] and regulating
adhesion turnover [2,3,72]. However, it is unclear if this variant,
containing multiple mutations, does not alter other functions of
vinculin. While these results encourage a vital role for the PIP2–
vinculin interaction in cells, more work needs to be done in order
to pinpoint the site of this interaction. Knowing the interaction
surface will lead to a better understanding of the function of this
interaction which, in turn, will allow us to examine the physiolog-
ical relevance of a PIP2-induced vinculin oligomer.
6. Vinculin dimerizes to bundle F-actin
Vinculin’s ability to bundle F-actin was ﬁrst observed by Jock-
usch and Isenberg in 1981, through ‘‘paracrystalline packing’’ of
parallel actin ﬁlaments in a tight bundle [82]. This packing is differ-
ent from that observed by a-actinin, which bundles actin ﬁlaments
by forming bridges between the ﬁlaments. Proteins that bundle F-
actin must do so either through multiple binding sites that permit
coordination of two separate ﬁlaments or by homodimerization,
with each monomer bound to one ﬁlament. Vinculin bundles F-ac-
tin through the latter mechanism [55,59]. As with F-actin binding,
the ability of vinculin to bundle F-actin ﬁlaments resides in Vt [83].
No signiﬁcant changes in bundle morphology were observed be-
tween Vt and larger constructs containing the entire protein [82]
or residues 154–1066 [45], suggesting that either the vinculin head
is distant enough or the proline-rich linker is ﬂexible enough to
avoid interference of the vinculin head with the actin bundle.
While it is now known that Vt bundles F-actin through forma-
tion of a Vt dimer (Fig. 4C), the structure of this dimer is unknown.
Complicating the matter is the requirement of F-actin binding for
formation of the dimer [59]. It is currently believed that Vt under-
goes a conformational change upon binding to F-actin that allows
for dimer formation. Previous studies supporting this hypothesis
have employed proteolytic cleavage [31], ﬂuorescence [31], FRET
[84], and crosslinking experiments [56,59]. The proteolysis studies
1226 P.M. Thompson et al. / FEBS Letters 587 (2013) 1220–1229showed an increase in susceptibility of the strap and the H1–H2
loop to proteases in the presence of F-actin [31], while the FRET
experiment predicted an increased distance between the strap
and the C-terminal hairpin [84]. It was previously hypothesized
that the helix bundle ‘‘unfurls’’ upon binding F-actin, resulting in
the exposure of the ‘‘cryptic’’ dimerization site [59]. However, neg-
ative-stain EM data did not support signiﬁcant unfurling of the he-
lix bundle in Vt-decorated F-actin bundles [55]. Instead, clashes
between the N-terminal strap and C-terminus indicate that one
or both of these termini change conformation upon association of
Vt with actin [55]. In fact, the C-terminal hairpin has recently been
shown to be required for actin bundling [56], suggesting that it
may form a new interaction with the opposite Vt monomer. More-
over, removal of the N-terminal strap slightly increases the F-actin
bundling of Vt, suggesting that it must change conformation to ex-
pose a site important for dimer formation [56]. Together, these
studies point to the existence of an actin-dependent conforma-
tional change in Vt, likely in the N-terminal strap and C-terminus
(which are believed to be conformationally ﬂexible [31]), that is
important for actin-induced Vt dimer formation and enables F-ac-
tin bundling.
The F-actin bundling abilities of vinculin and metavinculin dif-
fer signiﬁcantly. While Vt is capable of bundling F-actin into thick
bundles, discrepancies exist as to the ability of MVt to create F-ac-
tin bundles [15,45,50,85]. Initial studies showed the existence of
‘‘webs’’ [85], ‘‘meshwork’’ [50], or ‘‘networks’’ [15] of F-actin in
the presence of MVt. While this was originally attributed to a dif-
ferent bundling architecture, it is possible that these results reﬂect
the ability of MVt to cleave actin ﬁlaments [45], creating smaller
ﬁlaments that appear to form a net. The inability of MVt (residues
879–1134 of chicken metavinculin) to form actin ﬁlament bundles
was also observed by differential co-sedimentation [45]. These dif-
ferences betweenMVt and Vt suggest that the N-terminal strap, H1
and the C-terminus (all of which have different conformations in
MVt (Fig. 2B) [50]) are critical to F-actin bundling. Similar results
were seen for a larger MVt construct from turkey (residues 858–
1134) [85]. These observations are consistent with ﬁndings that
the removal of the Vt N-terminal strap enhances bundling while
removal of the C-terminal hairpin impairs actin bundling [56].
Yet, other metavinculin constructs have been shown to bundle F-
actin. For instance, human metavinculin containing residues
858–1134 [15] and chicken metavinculin containing residues
154–1134 [45] are capable of forming bundles of F-actin. Muta-
tions in human metavinculin associated with the development of
cardiomyopathies (A934V, DL954, and R975W) were also shown
to alter the bundling activity of MVt, decreasing the propensity
for actin ‘‘network’’ formation and increasing the propensity for
formation of tight actin bundles, resulting in a phenotype similar
to Vt [15]. This discrepancy needs to be further resolved to under-
stand bundling of F-actin by metavinculin.
While the bundling abilities of MVt remain controversial and
not fully understood, the structural differences between MVt and
Vt do shed some light on the mechanism of bundling. Given the
presence of strap0 and H10 in MVt and the effects of mutations in
these regions [15,50], the data point to the involvement of the N-
terminal strap and C-terminus in formation of the actin-induced
MVt dimer. Furthermore, differences in MVt bundling that are
dependent on the construct length and species suggest that the
proline-rich linker, thus far believed to be unimportant for bun-
dling, may play a role. Intriguingly, the presence of the proline-rich
linker in a Vt construct led to a cooperative F-actin binding curve,
suggesting that the proline-rich linker may play a role in confor-
mational changes of Vt or actin upon binding [60]. However, this
cooperativity has not been observed in full-length vinculin, sug-
gesting that intramolecular interactions or dynamics may play a
role.While a structure for the actin-induced dimer is lacking, the
current data provide a good starting point for model generation.
The increase in proteolyticsusceptibility [31], FRET studies [84],
and the differences in the structure of the tail in metavinculin
[50] suggest that the interactions between the strap and C-termi-
nus are weakened upon binding of the tail to F-actin, resulting in
the release of the strap from the helix bundle. This frees the C-ter-
minal hairpin, essential for formation of the dimer [56], to interact
with the other Vt molecule. The hydrophobicity of the hairpin and
the relative orientation of the two tails [55] suggests that the hair-
pin inserts itself into the interior helix bundle of the other tail. This
hydrophobic interaction mediated through the C-terminal hairpin
is likely a driving force behind dimerization, as removal of these
residues eliminates actin bundling by Vt [56]. The speciﬁc orienta-
tion of the dimer and the resulting F-actin geometry are likely
inﬂuenced by other interactions, probably involving the helix
bundle.
While recent evidence points to the surface where the F-actin/
Vt interaction occurs, little is known on how binding to F-actin
causes a conformational change to expose the interaction site for
the cryptic dimer. A possible scenario is that the conformational
change that occurs in Vt upon binding to F-actin is allosteric
[31,59,84]. Addressing these holes in our understanding of vincu-
lin’s ability to bundle F-actin will allow us to better identify the
biological consequences associated with vinculin-mediated F-actin
bundling and may further clarify the role vinculin in cells and heart
disease.
7. Vinculin bundling of F-actin and its biological importance
While vinculin is able to bundle F-actin, much less is known
about the functional consequence of actin bundling in cells. During
early adhesion events, there is an accumulation of integrins, talin,
paxillin, and vinculin as well as initiation of stress ﬁber formation
(bundles of F-actin associated with contractile forces in cells) [86],
suggesting that during the initial stage of adhesion formation,
some F-actin polymerization and bundle formation occurs. In sup-
port of this premise, Wen et al., showed that vinculin can polymer-
ize and cap F-actin in vitro [2,63]. Since it is likely that vinculin is
modulating actin dynamics in nascent adhesions, and mature
adhesions as well, it is possible that formation of F-actin bundles
at these adhesions could be mediated by vinculin. This hypothesis
is supported by a recent study utilizing the C-terminal hairpin
deletion mutant that retains actin binding but is selectively deﬁ-
cient in actin bundling (DC5-vinculin) [56]. Results indicate that
when cells are transfected with DC5-vinculin, there are defects in
spreading, as indicated by the decrease in cell size and number
of mature FAs, after cells are allowed to adhere and spread on
ﬁbronectin. Additionally, cells expressing DC5-vinculin are unable
to stiffen in response to pulses of force, indicating a disruption in
transducing the stiffening response, presumably through
vinculin-mediated F-actin bundles [56]. These results indicate that
vinculin-mediated F-actin bundling is involved not only during
dynamic adhesion events that are required for efﬁcient cell
spreading and the maturation of FAs (as indicated by their size),
but also is needed to efﬁciently transduce external forces.
Another possibility for the function of vinculin-mediated
F-actin bundles, in addition to transducing mechanical stimuli, is
a scaffolding role, since the essential function of vinculin at sites
of adhesion is to recruit binding partners to these signaling
nexuses. To examine this possibility, we monitored the recruit-
ment of binding partners to adhesion complexes formed around
magnetic beads coated with ﬁbronectin in the presence of vinculin
mutants deﬁcient in F-actin bundling (DC2-, DC5-vinculin). While
differences in the recruitment of select binding partners, vinexin-a
and the Arp2/3 complex, were observed, there was also a decrease
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sults suggest that not only does vinculin mediate actin accumula-
tion at adhesions through its F-actin bundling function, but that
the vinculin dimer could play a scaffolding role as well by generat-
ing a new scaffolding interface, absent in the monomer, for interac-
tion with binding partners. While additional studies will be
required to fully elucidate this scaffolding function and the role
of the actin-induced vinculin dimer, these ﬁndings indicate that
the actin-induced cryptic dimer could have other functions; per-
haps other vinculin oligomers share this characteristic as well.
8. Conclusions
In the past decade, remarkable progress has been made in elu-
cidating the structure of vinculin and its many cellular roles. How-
ever, vinculin oligomerization and its interactions with F-actin are
poorly understood. Characterization of the various oligomers and
their functional roles represent signiﬁcant challenges in the ﬁeld
of adhesion biology. Important questions about the structures of
various oligomers and their cellular consequences remain: What
is the structure of the actin-induced dimer? What is the structure
of the PIP2-induced dimer? How does the PIP2-induced dimer oc-
clude actin binding? How does the proline-rich linker affect these
oligomeric states? What is the function of the displaced residues in
metavinculin and in the metavinculin/vinculin heterodimer? What
are functional roles for various oligomeric states of vinculin and
metavinculin and how are they regulated?
Answering these questions requires better integration of
molecular and cell-based approaches. Much of the confusion in
the ﬁeld has come from the use of protein constructs that alter
the structure and function of vinculin and the reticence of structural
biologists to use larger Vt constructs containing the proline-rich lin-
ker. Improved tools are also required to address these questions.
There is a void of vinculin mutants with speciﬁc and potent defects
for individual binding partners, which impedes our ability to study
the role of vinculin in cells. Lastly, the recent increase in our
knowledge of metavinculin, and its differences in form and function
from vinculin, will provide key insights into the mechanism and
function of vinculin and metavinculin oligomerization. Further
identiﬁcation and analysis of these differences will prove key to
advancing our understanding of vinculin oligomers. A more com-
prehensive understanding of vinculin oligomerization and its inter-
action with F-actin will lead to a more complete picture of vinculin
scaffolding and an improved understanding of FA and AJ biology.
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